The field of ultra-relativistic heavy ion physics, which started some 15 years ago at the Brookhaven AGS and the CERN SPS with fixed target experiments, is entering today a new era with the recent start-up of the Relativistic Heavy Ion Collider RHIC and preparations well under way for a new large heavy ion experiment at the Large Hadron Collider LHC. This overview will sketch a rough picture of the heavy ion program at current and future machines and concentrate on a few important topics, in particular the question if current results show any of the signs predicted for the phase transition between normal hadronic matter and the Quark-Gluon Plasma.
INTRODUCTION
The aim of high-energy heavy-ion physics is the study of strongly interacting matter at extreme energy densities. Statistical QCD predicts that, at sufficiently high density, there will be a transition from hadronic matter to a plasma of deconfined quarks and gluons -a transition which in the early universe took place in the inverse direction some 10 −5 s after the Big Bang and which might play a role still today in the core of collapsing neutron stars. The study of the phase diagram of nuclear matter (see Fig. 1 ), utilising methods and concepts from both nuclear and high-energy physics, constitutes a new and inter- disciplinary approach in investigating matter and its interactions. In high-energy physics, interactions are derived from first principles (gauge theories), and the matter concerned consists mostly of single particles (hadrons/quarks). In contrast, on nuclear physics scales the strong interaction is shielded and can, therefore, to date only be described in effective theories, whereas matter consists of extended systems with collective features. Combining the elementary-interaction aspect of high-energy physics with the macroscopic-matter aspect of nuclear physics, the subject of heavy-ion collisions is the study of bulk matter consisting of strongly interacting particles (hadrons/partons), i.e. QCD thermodynamics.
The study of the QGP is of interest to explore and test QCD on its natural scale (Λ QCD ) and addresses the fundamental questions of confinement and chiral-symmetry breaking, which are connected to the existence and properties of the quark-gluon plasma. Moreover, it is of general relevance in understanding the dynamical nature of phase transitions involving elementary quantum fields, as the QCD phase transition is the only one accessible to laboratory experiments.
CURRENT STATUS AND RESULTS
The study of ultra-relativistic heavy-ion collisions is a rather new, but rapidly evolving field. After the pioneering experiments at the BEVALAC and in DUBNA with relativistic heavy ions (E/m ≈ 1), the first experiments started in 1986 with light ions almost simultaneously in Brookhaven (AGS) and at CERN (SPS). Really heavy ions (A ≈ 200) have been available in the AGS since the end of 1992 and at the SPS since the end of 1994.
The year 2000 was an extremely important and fruitful one for ultra-relativistic heavy ion physics. It started of with an appraisal of the CERN SPS Pb beam results [1 which concluded that 'compelling evidence has been found for a new state of matter' featuring many of the characteristics expected for a Quark-Gluon Plasma (QGP). Later that year the RHIC collider and its four experiments at BNL began operation with Au-Au collisions at up to 130 GeV/nucleon. Already this first short run was a success beyond even the most optimistic expectations, with physics results appearing in print and essentially flooding the relevant conferences within months. It is therefore timely to both assess the results achieved at the fixed target machines and to ask what, if anything, the LHC heavy ion program can contribute beyond existing facilities to the study of strongly interacting matter under extreme conditions.
Initial conditions and global features
The predictions of lattice QCD are rather firm in that a transition to the QGP should exist in the vicinity of a critical temperature T c of ≈ 150 -200 MeV (whether the transition is of first order, second order, or only 'rapid' is still a matter of debate). However, whether the QGP is actually created in heavy-ion collisions at current energies is a different question and will depend on the dynamics of the reactions and in particular on the initial conditions of the system shortly after the collision. In order to reach the QGP, or even only to use macroscopic concepts (such as 'phase transition') and the language and variables of thermodynamics (such as 'temperature' or 'density'), the system has to be extended -i.e. its dimensions ought to be much larger than the typical scale of strong interactions -it has to be in (or near) equilibrium -i.e. its lifetime has to be larger than the relevant relaxation times -and the energy density has to exceed the critical threshold for QGP formation. This threshold is predicted by lattice QCD to be of the order of 1 -3 GeV/fm 3 , equivalent to a temperature T c of 150 -200 MeV or a baryon density ρ c of 5 to 10 times normal nuclear matter density (see Fig. 1 ). Present results from the ongoing fixed-target program indicate that the initial conditions realized in these reactions could indeed be favourable for QGP formation. In head-on central collisions, hundreds of particles are produced per unit of rapidity, the system expands to a size of the order of 1000 fm 3 (as measured by particle interferometry), and initial energy densities are estimated to exceed 2 GeV/fm 3 . However, the expansion is also extremely fast, with an estimated total lifetime of only a few fm/c from the first instance of the collision until the final freeze-out of hadrons.
While these results show that we are certainly close to the requirements listed above for QGP formation, they are by no means sufficient. In particular the energy density estimates are inversely proportional to the assumed 'formation time', i.e. the time needed to reach thermal equilibrium, and might well be smaller (or bigger?) by a factor of the order of two. Also, the lifetime of the system seems marginal, and even if a QGP is formed it might simply not live long enough for its signals to clearly stand out from the background created in later, hadronic phases of the evolution. The existence of a QGP phase can only be settled experimentally by searching for direct and specific signals.
Recent experimental highlights
The following sections will concentrate on three main topics which are at the heart of the quest for the QGP, and in which significant progress has been achieved over the last years, i.e. are there experimental indications for equilibrated hadronic matter, chiral symmetry restoration, and deconfinement?
Equilibrium hadronic matter? While in principle the study of non-equilibrium hadronic matter might be of considerable interest, in practice the huge number of largely unknown dynamical parameters governing the evolution of heavy ion reactions would make the analysis of such a complex system very difficult. The powerful laws of thermodynamics can reduce this complexity and make definite and testable predictions, largely independent of the microscopic dynamics, for those degrees of freedom which evolve in equilibrium. The price to pay is a loss of information concerning events preceding the equilibrium, as the memory of earlier (and possibly more interesting) stages of the evolution is largely lost.
In reality, like during the evolution of the early universe, we will have to deal with a hierarchy of processes and scales. Some of these have large cross-sections and correspondingly small relaxation times and therefore might evolve close to equilibrium, and others will decouple early from a thermal evolution and are sensitive to the hot initial phase of the reaction. Prime candidates for the former are hadronic observables, like momentum spectra and particle ratios, and for the latter hard probes and electromagnetic signals.
In a purely thermal system of hadrons, the momentum distributions, when expressed as a function of the transverse mass m T (m T = m 2 + p 2 T ), will be independent of the particle mass with a slope inversely proportional to the temperature T. In an expanding system, an additional collective flow component can develop which blue-shifts the momentum spectra with a common transverse velocity β T leading to a mass dependent component. Likewise, the abundance of particle species in equilibrium hadronic matter is given by two independent parameters, i.e. the temperature T and a baryochemical potential µ B (which reflects the baryon asymmetry in the initial state). A hadronic system in both 'thermal' (momentum) and 'chemical' (particle abundance) equilibrium is therefore fully determined by only three independent parameters: T, β T and µ B .
Such a simple prescription seems to be indeed borne out by the data. This is illustrated in Fig. 2 , which shows a comparison of measured particle ratios with predictions based on chemical equilibrium [2] . These ratios are in rather good agreement with the equilibrium calculations for a temperature of about 170 MeV and a baryon chemical potential of ≈ 250 MeV, corresponding to 1/3 nuclear matter density (at the AGS the corresponding values are T ≈ 140 MeV and µ b ≈ 500 MeV).
Momentum spectra of different particles in Pb-Pb reactions [3] are also well described by a thermal distribution, if, in addition, a common (to all particle types) flow velocity of β T ≈ 0.4 c -0.6 c is introduced (see Fig. 3 ). On the right part of Fig. 3 , the inverse m T -slopes are shown for pp, S+S and Pb+Pb reactions at comparable energies ( √ s ≈ 20 GeV). While the slopes in pp reactions are independent of particle type, i.e. exhibit 'm T -scaling', the slope parameter increases proportional to the particle mass for heavier reaction systems as expected for collective flow. The temperature extracted from momentum spectra at SPS is of the order of 120 MeV, i.e. significantly lower than the one extracted from the particle ratios mentioned above. A large set of independent hadronic observables, i.e. momentum spectra, particle ratios and HBT correlation results (which are also sensitive to T and β T [4] ), seems to be consistent with a surprisingly simple picture of the late stages of heavy ion reactions: different particle species are created in relative abundance consistent with chemical equilibrium ratios at a 'temperature' of T ≈ 170 MeV; this dense hadronic system then expands and cools to a temperature of about 120 MeV, converting random 'thermal' motion into ordered collective flow until the final freeze-out, when the system is so dilute that all interactions cease. This experimental phase diagram, with both chemical and thermal freeze-out locations as determined from data ranging from very low energies (SIS) up to SPS, is shown in Fig. 4 [5] . The location of the particle ratio freeze-out point in the temperature-density plane is located very close to the expected phase boundary between hadronic matter and the QGP, and the distance between chemical and thermal freeze-out increases with the beam energy, indicating an increasing dynamical path in the hadronic phase for larger systems (more final state particles).
However, before this intuitively appealing scenario can be taken as fully established, a number of experimental and conceptual questions will have to be clarified. On the experimental side, resolving some inconsistencies between different experiments and better statistics over a large range of impact parameters (in particular for Hyperons) will be needed to come to a more quantitative test of predic- tions. On the conceptual side, the most puzzling observation is that already very elementary reactions look practically as 'thermal' as heavy ion reactions. While it has been known, but never 'understood', that momentum spectra in hadronic reactions look 'thermal' (obey m T -scaling, see Fig. 3 ), a recent reanalysis of pp and e + e − reactions has shown that also the particle ratios can be extremely well described with thermodynamics [6] . How can this be possible in systems containing only a few hadrons where a dynamical path from arbitrary initial conditions to thermal distributions via interactions (rescattering) is very unlikely? The success of thermal models to describe particle ratios in reactions ranging from e + e − at LEP to Pb-Pb at the SPS could be a hint for a universal feature of the parton-to-hadron (phase?) transition, which might be governed by statistics and phase space at the time of particle creation rather than by dynamical features [5, 7] .
Assuming that some satisfactory answers to these questions can eventually be found, we could then go on to analyse the hadronic data in more detail to look for information on the dynamics preceding the freeze-out. Relaxation times in a partonic and a hadronic medium are likely to be different, and therefore the questions how and how fast did the system reach equilibrium in different channels are of interest, particularly in the Hyperon sector, where hadronic relaxation times are estimated to be extremely long. Flow patterns should be sensitive to the equation of state of matter and therefore contain indirect evidence for a QGP phase transition preceding freeze-out.
Chiral symmetry restoration?
Weakly interacting electromagnetic probes (photons or leptons) are a direct means of gaining information on the early dense and hot stages of the collision, as they leave the interaction volume without being altered by final state effects. While, so far, only upper limits exist for direct (thermal) photon production, recent data on lepton pairs show an unexpectedly large yield at low masses, below the meson. Figure 5 shows the electron pair mass spectrum observed in central S+Au collisions by NA45 [8] .
The upper part summarizes model calculations which include contributions from hadronic decays (shaded area) and from in-medium pion annihilation and bremsstrahlung. An excess at 0.2 < m(e + e − ) < 0.6 remains unexplained. The lower panel exhibits perfect agreement with the data obtained in models which include in addition an in-medium modification of the and ω masses. A similar excess, consistent with the same model calculations, has been found in the µ + µ − mass spectrum by NA34/3 [8] . In-medium modification of vector mesons, if experimentally confirmed by more conclusive data, could be a direct consequence of the chiral symmetry transition at the phase boundary between hadronic matter and the QGP. The rapidly varying quark condensate should lead to changes in the properties of hadrons (masses, width) in the vicinity of the phase transition, which will be observable in the lepton mass spectrum for mesons decaying in the dense transition regime. This would indeed be a spectacular verification of the concept underlying the generation of light hadron masses in QCD.
An excess in the intermediate mass range (1.5 -2.5 GeV) observed in muon pairs by NA50 has so far not found any convincing interpretation [9] . Speculations concerning its origin range from enhanced open charm production and final state rescattering of produced charm quarks to thermal radiation of virtual photons. The new experiment NA60 is currently under preparation at the SPS to address this question.
Deconfinement? Signals originating from hard-scattering processes at the very beginning of the reaction are an ideal tool to probe the state of the surrounding QCD matter. The original idea [10] that J/Ψ production should be suppressed in a QGP relies on a Debye screening mechanism which renders colour interactions short ranged in a dense medium ('deconfinement') and therefore prevents the formation of bound resonances. J/Ψ suppression with similar characteristics as predicted for a QGP was indeed one of the first results reported from heavy ion experiments in 1987. Its subsequent interpretation, alternating repeatedly between 'trivial' and 'exciting', is probably the best example on how our understanding of nuclear collisions has progressed in a constant interplay between theory and experiment, new explanations and new data. A compilation of J/Ψ production relative to the Drell-Yan continuum in pA and AB reactions is shown in Fig. 6 versus the average path length L traversed by the cc pair after its creation inside the target and projectile nuclei [11] . Up to and including central S-U collisions, this ratio decreases exponentially with L, consistent with a nuclear absorption cross-section of 6 mb. It took the better part of the last ten years, a variety of data for J/Ψ, Ψ' and Υ -from low energy pp and pA reactions to photoproduction and high p T production at the Tevatron -and a good measure of other ingredients (nuclear structure functions, initial and final state scattering, formation time) to come to a consistent and theoretically substantiated interpretation [12, 13] . The exponential attenuation is today seen as resulting from the interaction between the nuclear medium and a pre-resonance state, a coloured cc-gluon configuration which evolves only later (and outside the nucleus) after some finite formation time into the physical, colour neutral J/Ψ or Ψ' hadron. So J/Ψ suppression has provided a lot of insight into the dynamics of charmonium production, hadron formation and using the nucleus as a tool to measure short time scales, but leaving no room for QGP effects.
The extrapolation of this model to central Pb-Pb reactions was straightforward, essentially parameter free, and completely wrong (see Fig. 6 )! The Pb-Pb data, whether plotted as a function of L or any other variable, shows significantly less J/Ψ's than hadronic absorption models would predict by extrapolating from light ion and pA results. While some debate still persists if the additional suppression is really 'anomalous' or not, new precision data which is currently being analysed should settle this question in the near future. Most likely, some additional physics will have to be included in order to describe the Pb data. However, whether this 'new physics' will require deconfinement, dynamical pre-cursor phenomena of the QGP transition, or just some overlooked hadronic effect, remains to be seen.
Future fixed target program
Given the recent exciting developments, the future directions are perfectly clear. The SPS fixed target program has entered an extremely productive phase and it is now being brought to its full potential. With the exception of the Hyperon and the low mass lepton pair measurements, statistics is, in general, not a problem. A run at the lowest possible SPS energy, around 40 GeV/nucleon and still being analyzed, has increased the baryon density, possibly close to its maximum value. Signals related to chiral symmetry restoration, in particular the low mass lepton pairs, will in general be rather sensitive to baryon density. The low energy run can also make contact with the AGS regime and will allow the CERN experiments, which are quite distinct in their capabilities from the AGS detectors, to compare with and complement the program at lower energies. The SPS program has been extended beyond the year 2001 to address in particular charm production and the intermediate mass lepton pair excess.
HEAVY ION PHYSICS OF THE 21ST CENTURY
, respectively, the available energy in the centre-of-mass will have increased by almost five orders of magnitude within 20 years. This unprecedented pace was made possible only by (re)using accelerators, and to some extent even detectors, built over a much longer time scale for use in high-energy physics. The following sections will summarise the physics and experiments to come in these latest (and possible last) heavy-ion machines.
Initial conditions and global event features
In order to get some qualitative feeling about the changes in global event features to be expected when going up in energy by over two orders of magnitude from SPS via RHIC to LHC, some of the relevant parameters and predictions are listed in Table 1 and described below: In elementary proton-proton reactions, both the charged particle multiplicity dN ch /dy [14] and the average transverse momentum < p t > [15] grow only slowly (logarithmically) with √ s. This would lead only to a modest growth in dN ch /dy (SPS:RHIC:LHC = 0.75:1:2.1), < p t > (0.92:1:1.35) and energy density (roughly the product dN ch /dy · p t ). However, also the scaling when going from pp to central AA reactions changes drastically over this energy range. While at low cms energy particle production is, to a very good approximation, proportional to the number of participants N part , i.e. scales like A in central AA collisions, hard processes, which dominate at high energies, scale proportional to the number of collisions N col (∝ A 4/3 ). Compared to SPS, this leads to an additional enhancement factor for dN/dy in central AA reactions of about three (assuming equal contributions of soft and hard processes) or six (assuming hard dominance) for RHIC and LHC, respectively. In addition, as structure functions rise strongly at small x, the number of partons available for collisions increases a function of energy. As an illustration, the number of partons inside the proton above 2 GeV is listed in the table as row 'partons in p' [16] . While some of this increase is reduced by shadowing in heavy nuclei, the net effect for particle production, roughly proportional to the square of parton number times shadowing reduction, is still very sizeable: A heavy nucleus contains about twice (four times) as many effective partons at RHIC (LHC) than at the SPS. The fact that nuclei get 'denser' at high energy is a great bonus which was not anticipated only a few years ago!
The right hand side of Table 1 summarises a selection of different measurements and estimates for global event features in Pb-Pb collisions (for a similar table, including some original references, see [17] ). While dN ch /dy has been measured at the SPS and can be extrapolated with confidence from the current RHIC results [18] to full RHIC energy, the predictions for LHC vary wildly between some 2000 and up to 8000 charged particles per unit rapidity. The main reasons for this spread are connected e.g. with uncertainties in gluon shadowing, final state parton saturation [19] and jet-quenching [20] , all of which are expected to be rather different at RHIC and LHC. Therefore we might not be able to narrow down significantly this large range before LHC start-up even if more detailed results will become available from RHIC. Both the quantum mechanically determined 'formation time' of harder partons (∝ 1/p t ) and the increased interaction rate at high parton density decrease the thermalization time τ QGP 0 of the dense medium, leading to extreme energy densities (ε(τ 0 ) ∝ 1/τ 0 ) and temperatures at very early times during the collision at the LHC. As the system has to expand and cool to freeze-out conditions which are probably similar at all energies, QGP lifetime τ QGP , freeze-out time τ fo and final (local) freeze-out volume V loc likewise increase substantially. In particular the strong increase in QGP lifetime, both in absolute terms, in units of relaxation times (which in general decrease in denser systems), as well as compared to the hadronic phase, might be particularly relevant as it should enhance the relative contribution of signals generated in and sensitive to the QGP phase.
Finally, the last two rows show two representative pQCD calculations of initial parton density dN p /dy, dominantly gluons, and transverse energy production dE t /dy [21, 22] . While they differ in detail in their treatment of shadowing, parton saturation effects and p t cut-off, they qualitatively agree that densities should increase by about an order of magnitude from RHIC to LHC, much stronger than the logarithmic rise seen in pp reactions.
In summary, by increasing the energy from soft to hard dominated regimes we gain independently on several fronts: More partons are available, their inelastic interactions get both more effective (already in pp) and in addition more frequent (in nuclei), and the thermalized high temperature phase is established more rapidly and lasts longer.
Qualitative changes at LHC
Besides better initial conditions, a number of qualitative changes are expected at high energy leading to a very different system and observables which are either new or can be studied with greater precision.
Parton saturation: At LHC, and to a smaller extend at RHIC, the density of low−x partons both in the incoming nuclei and in the final state after scattering are so high that the phase space for low momentum partons comes close to saturation and gluon merging becomes important to an extend that the reactions are sometimes referred to as a collision between two 'gluon walls' [19] . In the initial state, structure functions are modified by shadowing, and also in the final state the gluon density is reduced, limiting in a self-consistent way the infrared divergence of pQCD cross sections. Due to the large occupation numbers, the scattering process might be described by classical field theory, a new regime that becomes accessible for the first time with heavy ions at LHC. This 'gluon saturation' is expected to set in around 2 GeV at LHC [21] where pQCD might be applicable and theoretical concepts can be tested.
Baryon density:
The incoming nuclei are slowed down during the collisions and the net baryon number is distributed over typically 3-5 units in rapidity. This leads to a high baryon density at SPS and below, whereas it is not sufficient to populate the central region at LHC, which will have a vanishing baryochemical potential µ b comparable to the early universe. Therefore very different regions of the phase diagram will be explored at low energy ('compression') and high energy ('heating'). At RHIC, first indications are that a baryon excess persists, which is however small and probably not very relevant (µ b /T 1). Energy density: Energy density and pressure, as calculated on the lattice, are shown in Fig. 7 , together with the estimated temperature range accessible at different machines. The SPS is certainly very close to, and likely already reaches beyond the hadronic phase; RHIC is ideally suited to explore the phase boundary in great detail; but only LHC will reach deep into the QGP and could approach the Stefan-Boltzman limit of an 'ideal gas' of QCD quanta. The region between T c and the SB limit is of particular interest in order to study the interactions responsible for the deviation from the ideal parton gas case.
Hard processes:
Hard scattering with large momentum transfer becomes significant at RHIC (measurable up to about 20 GeV) and copious at LHC (up to several hundred GeV) [23] . These hard probes, in particular high p t jets and heavy quark production, are formed at very early times and therefore will test the surrounding dense medium. The study of the classical deconfinement signal, i.e. J/Ψ suppression, can be extended at LHC to the Y family. A full 'spectral analysis' of heavy quarkonia states [24] will be much more difficult at RHIC, as the cross sections are lower by at least an order of magnitude [22] and the initial temperature is likely to be below the melting point of the tightly bound Y state (Fig. 8) . Open charm (and eventually beauty) production will be sufficiently frequent to add these heavy quarks into the list available for abundance analysis ('chemical analysis' of parton or hadron ratios, currently limited to up, down and strange quarks). This will help in disentangling the different stages -initial production, pre-equilibrium and thermal processes, hadronization -which are currently a major source of confusion in interpreting the measured ratios. 'Jet-quenching', the medium induced energy loss of hard partons [20] , is a new probe not available at the SPS. It might be visible already in the shape of the inclusive hadron p t spectrum at RHIC, but should greatly improve in terms of clarity and theoretical tractability once absolute jet cross sections and fragmentation functions are measured at LHC in the E t range of tens to hundreds of GeV.
Thermal radiation: Observation of direct photons emitted from the hot initial reaction volume is a crucial piece of information which is currently still lacking or at least ambiguous. As the signal strength improves dramatically with energy density and plasma life-time, it might be observable at the colliders, in particular if the background from high p t π 0 's is reduced by thermalization and jet-quenching. [25] because they are, in general, associated with critical phenomena in the vicinity of a phase transition, they can be related to thermal quantities (eg the heat capacity), or might be indicative of 'anomalous' events as suggested by cosmic ray observations (Centauro's etc.). Currently, with clear guidance and precise predictions from theory missing, this subject is essentially data driven. However, as the accuracy will in general increase inversely with the number of observed particles (∝ 1/ √ N ), EbE physics will become a precision instrument at high particle multiplicity and any observation of non-trivial fluctuating would be a clean 'smoking gun'. Even in the absence of anomalous fluctuations, some EbE measurements will be extremely useful to study the correlation with other inclusive observables, like the azimuthal dependence of jet-quenching with respect to the event plane which can be determined via the elliptic flow.
Event-by-Event physics:
A unique feature of heavy ion collisions is the possibility to measure a number of observables on an even-by-event basis. Non-statistical fluctuations in these observables are of interest
Heavy ions in the LHC
The LHC will start to collide protons at √ s = 14 TeV in early 2006 and will provide the first heavy ion collisions (Pb-Pb) towards the end of its first year of operation at a total cms energy of 1148 TeV ( √ s = 5.5 TeV per nucleon for Pb-Pb). The sharing between proton and ion runs is expected to be similar to the one used in the past at the SPS, i.e. a long proton run (10 7 s effective time) followed by a few weeks (10 6 s) of heavy ion or proton-nucleus collisions. The ion luminosity is limited for heavy systems by the short beam life-time and energy deposition in the supra-conducting machine magnets (quench protection), and for light ions by the injector chain. It reaches values between 3 · 10 31 cm −2 s −1 for light ions (O 16 ) and 10 27 cm −2 s −1 for Pb ions. Proton-or deuteron-nucleus collisions are feasible and foreseen, however only at equal magnetic rigidity per beam as the bending field is identical in both rings ('two-in-one' magnet design of the LHC). Further information on heavy ion operation of the LHC can be found in Ref. [26] .
The dedicated heavy ion experiment ALICE
ALICE is a general-purpose heavy-ion detector designed to study the physics of strongly interacting matter and the quark-gluon plasma in nucleus-nucleus collisions at the LHC. It currently includes more than 900 physicists -both from nuclear and high energy physics -from about 70 institutions in 25 countries.
The detector is designed to cope with the highest particle multiplicities anticipated for Pb-Pb reactions (dN/dy ≈ 8000) and it will be operational at the start-up of the LHC. In addition to heavy systems, the ALICE Collaboration will study collisions of lower-mass ions, which are a means of varying the energy density, and protons (both pp and p-nucleus), which provide reference data for the nucleusnucleus collisions. ALICE (Fig. 9) consists of a central part, which measures hadrons, electrons and photons, and a forward spectrometer to measure muons. The central part, which covers polar angles from 45 • to 135 • over the full azimuth, is embedded in the large L3 solenoidal magnet. It consists of an inner tracking system (ITS) of high-resolution silicon tracking detectors, a cylindrical TPC, three particle identification arrays of time-of-flight (TOF), Ring Imaging Cerenkov (HMPID) and Transition Radiation (TRD) counters and a single-arm electromagnetic calorimeter (PHOS). The forward muon arm (2 • -9 • ) consists of a complex arrangement of absorbers, a large dipole magnet, and fourteen stations of tracking and triggering chambers. Several smaller detectors (ZDC, PMD, FMD, CASTOR, T0) are located at very forward angles. 
Magnet:
The optimal choice for ALICE is a large solenoid with a weak field (<0.5 T) allowing full tracking and particle identification inside the magnet. The available space has to be sufficiently large to accommodate the PHOS, which must be placed at a distance of ≈ 5 m from the vertex, because of the large particle density. The magnet of the L3 experiment fulfils all these requirements.
Inner Tracking System: The basic functions of the inner tracker -secondary vertex reconstruction of hyperon and charm decays, particle identification and tracking of low-momentum particles, and improvement of the momentum resolution -are achieved with six barrels of high-resolution detectors. Because of the high particle density, the innermost four layers need to be truly two-dimensional devices, i.e. silicon pixel and silicon drift detectors. The outer layers, at r ≈ 50 cm, will be equipped with double-sided silicon micro-strip detectors. Four of the layers will have analog readout for independent particle identification via dE/dx in the non-relativistic region, which will give the inner tracking system a stand-alone capability as a low p t particle spectrometer.
Time Projection Chamber:
The need for efficient and robust tracking of up to 12000 charged particles within the acceptance has led to the choice of a TPC as the main tracking system. The inner radius of the TPC (r ≈ 90 cm) is given by the maximum acceptable hit density, the outer radius of 250 cm by the length required for a dE/dx resolution of <10%. The design of the readout chambers and electronics, as well as the choice of the operating gas, is optimised for good double-track resolution.
Particle Identification System: Particle identification over a large part of the phase space and for many different particles is an important design feature of ALICE. A large Time-of-Flight array (> 100m 2 ) at a radius of about 3.5 m is made with novel multigap resistive plate chambers (MRPC) with an intrinsic time resolution of < 100 ps. The proximity focusing RICH detector HMPID, of smaller acceptance and at larger radii, is optimised for the detection of high p t particles and will extend the accessible momentum range for inclusive particle spectra into the semi-hard region. The six layer Transition Radiation Detector (TRD) will identify electrons with momenta above 1 GeV/c to study quarkonia suppression and heavy quark production (charm, beauty) in the central acceptance.
Photon Spectrometer:
The electromagnetic calorimeter will be located below the interaction region at 4.6 m from the vertex, and covers 8 m 2 with 17k channels of scintillating PbWO 4 crystals to measure direct photons and high p t neutral mesons. These very dense crystals are needed to cope with the large particle density, and to have sufficient light-output to allow readout with silicon photodiodes.
Forward Muon Arm:
The forward muon arm is designed in order to cover the complete spectrum of heavy quark resonances, i.e. , J/Ψ, Ψ', Y, Y', Y" (Fig. 8) . It will measure the decay of these resonances, both in proton-proton and in heavy-ion collisions. The angular acceptance of the muon spectrometer is from 2 • to 9 • (η = 2.5 − 4). Its mass resolution will be around 100 MeV at 10 GeV, sufficient to separate all resonance states. It consists of a composite absorber, made with layers of both highand low-Z materials, starting 90 cm from the vertex, a large dipole magnet with a 3 Tm field integral placed outside the L3 magnet, and 10 planes of thin, high-granularity tracking stations (Cathode Strip and Cathode Pad Chambers). A second absorber at the end of the spectrometer and four more detector planes (RPC's) are used for muon identification and triggering. The spectrometer is shielded throughout its length by a dense absorber tube, of about 60 cm outer diameter, which surrounds the beam pipe.
Forward Detectors: ALICE uses a number of smaller detector systems (ZDC, PMD, FMD, CAS-TOR, T0) located at forward angles to define and trigger on global event characteristics. Four small and very dense calorimeters (Zero Degree Calorimeters, ZDC) are located about 100 m inside the machine tunnels on both sides of the interaction to define the impact parameter of the collision. A similar calorimeter (CASTOR), located closer to the interaction region on side of the experiment, will measure electromagnetic and hadronic transverse energy at large rapidity. The Forward Multiplicity Detector (FMD) measures charge particle production over a large fraction of phase space (|η| < 4). The Photon Multiplicity Detector (PMD) will search for non statistical fluctuations in the ratio of photons to charged particles, measure collective flow and transverse energy of neutral particles, and in addition determine the reaction plane. The T0 detector will measure the event time with great precision.
Trigger, Data acquisition and Offline: The ALICE trigger is foreseen to work on five levels, starting with a fast minimum bias interaction pre-trigger (issued after < 1µs) to strobe some of the frontend electronics and ending with a high level online computing farm of several hundred PC's (L3 trigger) which is intended for further event selection (for example on high p t jets or high mass lepton pairs) as well as online pre-tracking and event compression. Several detectors provide input to the different trigger levels to select e.g. for centrality, high p t electrons, muons, or photons.
The relatively short heavy-ion running period and the very large event sizes (up to 80 Mbyte even after zero suppression) determine the main features of the DAQ. In order to collect a sufficient number of events for physics analysis, the DAQ system has to be designed with a very large bandwidth up to 1.25 GByte/s on mass-storage. The DAQ architecture is based on a network of high-speed links linking all the data sources and the data destinations through a switch. This architecture provides the required flexibility and scalability to run in very different modes.
A new Off-line framework (ALIRoot) has been developed since 1998 based on all new C++ code and the OO paradigm. The ROOT framework was adopted as a base for this development, integrating currently the GEANT 3 and later also the GEANT 4 simulation package. At the moment a complete OO simulation of ALICE exists and the OO reconstruction code is being developed in this framework.
SUMMARY
The still very young field of ultra-relativistic heavy ion physics has proceeded since its inception in 1986 through three essential phases:
The initial round of 'exploratory' experiments has shown that appropriate detectors and analysis procedures can cope with the extreme particle densities produced in heavy ion collisions. They have qualitatively shown that an extended, interacting and very dense system has been formed that differs in many observables from the more elementary hadron-hadron reactions investigated in the past. Falling short of striking discoveries, this phase has nevertheless provided a 'principle proof of feasibility' and has substantiated the expectation that heavy ion collisions are an appropriate tool to create equilibrium hadron matter and eventually the quark-gluon plasma.
The next phase was characterized by efforts to get a comprehensive and precise set of data and to come to a quantitative understanding of the experimental results. A close and very effective interaction between theory and experiment, models and data, has led to significant progress in identifying relevant ingredients and important microscopic processes.
The field is currently in its third, and most dramatic phase. Results from both AGS and SPS with really 'heavy' ion beams have produced puzzling results which strongly hint at a picture of high energy nuclear reactions almost too good to be true: i) a premordial phase of deconfined partons -the QGP ? -responsible for quarkonium suppression, followed by ii) a transition regime with gradual onset of chiral symmetry breaking, leading to changes in the properties of light hadrons, concluded by iii) a gas of hadronic matter governed by the simple laws of thermodynamics. On the short term, further results from the fixed target program, where analysis and even new experiments are still under way, could provide us with additional and more complete data in order to substantiate (or refute) this scenario.
In the longer term, making use of RHIC and LHC for heavy ion collisions provides a unique opportunity for exploring the physics of QCD matter in a qualitatively very different region of extremely high energy density. RHIC and its four major experiments (STAR, PHENIX, BRAHMS and PHOBOS) are making the first step, starting in 2000 with Au+Au collisions at an energy an order of magnitude above what is currently available at the SPS. Some 5 years from now, a new regime of very high energy density but low baryon density will be accessible with heavy ion collisions at the LHC. At some 30 times RHIC design energy, the step in energy from RHIC to LHC will be enormous, in fact larger than the one going from SPS to RHIC. LHC will reach, and even extend, the energy range probed by cosmic ray nucleus-nucleus collisions. Extrapolating from present results, all parameters relevant to the formation of the Quark-Gluon Plasma (QGP) will be more favourable: the energy density, the size and lifetime of the system, as well as relaxation times should all improve by a large factor, typically by an order of magnitude compared to SPS and even RICH. It should then be possible to obtain energy densities far above the deconfinement threshold, and to probe the QGP in its asymptotically free 'ideal gas' form. Unlike at lower energies, the central rapidity region will have a nearly vanishing baryon number density, similar to the state of the early universe. Reactions will be dominated in the early pre-equilibrium stage by a very dense system of semi-hard partons ('mini-jets'), which would lead to rapid thermalization and extremely high initial temperatures. Hard probes (heavy quark production, jets, even weak bosons) will be copiously produced well into the 100 GeV mass and momentum range providing a new and, with pQCD, well calibrated tool to study the QGP.
The LHC will therefore complement, extend and eventually succeed the ongoing heavy ion program by providing a very different, and in many instances significantly better, environment for the study of strongly interacting matter.
With the past at AGS/SPS very productive and the present at RHIC extremely exciting, the field of ultra-relativistic heavy ion physics may confidently look forward to a promising future at LHC.
